Abstract: Multiphoton absorption (MPA) effects have become useful for real applications as well as conceptual predictions. However, most of organic molecules exhibit small Stokes shift and reduced MPA in the highly polar solvents, which may seriously hinder their related applications. In this work, one styrylpyridinium salt has been synthesized, which exhibits outstanding properties such as bright red fluorescence at the wavelength of 626 nm in a highly polar solvent (DMSO). Importantly, it is noted that the material also exhibits strong two-and three-photon absorption action crosssection (δ 2PA = 597 GM and δ 3PA = 18 × 10 −80 cm 6 ·s 2 ·photon −2 , respectively), which can be excited in near-infrared (NIR) window I (650-900 nm) and NIR window II (1000-1450 nm). Meanwhile, two-photon in vitro bioimaging and MPA induced optical limiting behavior have been successfully demonstrated based on the chromophore. 
Introduction
Multiphoton absorption (MPA) is of great theoretical and practical interests in a range of scientific and technical fields including photodynamic therapy, frequency upconverted lasing/stimulated emission, optical limiting (OL) and bioimaging etc [1] [2] [3] [4] [5] [6] [7] [8] [9] . Moreover, different requirements are needed to satisfy diverse application scenarios. For the application of bioimaging, the major factors that limit the penetration depth of excitation light include absorption and scattering from biological tissue and water. To overcome this problem, much efforts have been made to design and synthesize MPA molecules that can emit far-red/nearinfrared (FR/NIR) fluorescence and also can be excited in the "biological transparency window", that is, NIR window I (650-900 nm) and NIR window II (1000-1450 nm) [10, 11] . Moreover, the light in NIR window II will have larger penetration depth than that in NIR window I. However, structurally stable dyes emitting FR/NIR fluorescence and exhibiting strong MPA in "biological transparency window" are still scarce at present. Moreover, in contrast to the case of solvents with high polarity, for these compounds, lowly polar solvents usually result in much larger MPA and much higher QY, which are not beneficial for the application of bioimaging. Meanwhile, from the viewpoint of applications, combining different applications together should be extremely important. Unfortunately, most known organic molecules are designed and developed for single purpose, which hinders the full exploitation of MPA materials. Therefore, there is an urgent need to develop MPA materials with the suitable combination of different applications [25] . Stilbene chromophores have been found to be one kind of excellent multiphoton absorbing molecules [26, 27] . We also found one kind of stilbene chromorphores showed more efficient MPA in highly polar solvent than many D-π-A or quadrupolar chromophore [28] . To gain further insights into the enhancement of MPA, in this work, the stilbene uorophore was further modified in order to obtain its pyridinium salt with enhanced intramolecular charge transfer (ICT). Based on the experimental results, we find that the pyridinium salt indeed exhibit enhanced two-and threephoton absorption (2-and 3PA) behaviors in highly polar solvents, indicating that it is a useful probe for multiphoton excited fluorescence microscopy and is a promising building block as MPA-based optical limiter. 
Methods and characterization techniques

Material synthesis
Photophysical methods
The measurements of linear absorption, fluorescence and QY. The solutions were filled into quartz cuvettes with a 1 cm path length. UV-Vis absorption and fluorescence spectra of the samples were measured by using a Lambda 950 UV/Vis spectrometer (PerkinElmer, Inc.) and a Zolix fluorescence spectrophotometer (SENS-9000), respectively. Due to the very low QY of molecule in toluene solution, its fluorescence was excited by a focused beam from a Xenon lamp and was then collected by Ocean Optics HR4000 spectrometer. The absolute QYs of targeted compound in different solvents were determined by using an integrating sphere equipped Zolix fluorescence spectrophotometer. Lifetime measurements. Lifetime measurements were carried out at room temperature by the time-correlated single photon counting (TCSPC) technique with a resolution of 10 ps (PicoQuant PicoHarp 300). The second harmonic of a titanium-sapphire laser (Chameleon, Coherent Inc.) at 360 nm (100 fs, 80 MHz) was used as the excitation source.
The determination of MPA cross-sections. The 2-and 3PA cross-sections of samples were measured by Z-scan technique [28] . In Z-scan measurements, a femtosecond amplified-pulsed laser system (Spectra-Physics, Spitfire Pro) was used as the laser source. The output wavelengths ranging from 250 nm to 2.6 µm can be continuously tuned through an optical parameter amplifier (regen) combined with an optical parametric oscillator (TOPAS). The pulse-width and repetition rate are 100 fs and 1 KHz, respectively. The compound was firstly dissolved in the organic solvents to obtain solutions of 1 mM concentration, and then the solutions were filled into quartz cuvettes with a thickness of 1 mm, which were traversed in the focusing geometry enabled by an achromat lens of 200 mm focal length. Typical energies in the range of 70-400 GW/cm 2 were used for all the measurements. The experimental errors were smaller than 10% and 15% in the measurements of 2-and 3PA cross-sections, respectively, arising from the uncertainties due to fluctuation of pulse energy or/and light scattering effect. Theoretically, the 2PA-induced decrease of transmissivity in the open aperture Z-scan measurements can be expressed as
where I 00 is the incident intensity, z is the position of sample, z 0 is the diffraction length of the beam, . Two-and three-photon excited fluorescence Spectra. Multiphoton excited fluorescence spectra were measured by using the same excitation source used in Z-scan measurements. To avoid the reabsorption effect due to high concentration of the molecule, the solutions were freshly prepared at a concentration of 1 × 10 −4 M. The laser beam was focused as close as possible to the wall of the quartz cell and the fluorescence signals were collected in backscattering geometry, so that only the emission from the edge of the solution was collected by the Ocean Optics HR4000 spectrometer.
Two-photon bioimaging. The HeLa cancer cells were firstly cultured in confocal microscope dishes at 5 × 10 5 /mL in complete Dulbecco's modified Eagle's medium (DMEM, Gibco, America) for 24 h at 37 °C. After that, the cultured cells were washed with phosphate buffered saline (PBS) three times and then incubated for 4 h with the medium containing the chromophore. Finally, the cells were washed twice with PBS. Two-photon cell imaging was acquired using a confocal laser scanning microscope (CLSM) (Zeiss LSM 410) with imaging software (Fluoview FV500), under the excitation of fs 800 nm.
Results and discussion
Linear photophysical properties of the styrylpyridinium salt
The styrylpyridinium salt was slightly soluble in lowly polar solvents, such as toluene, while it could be well dissolved in organic solvents with mediate to high polarity, such as chloroform (CHCl 3 ), tetrahydrofuran (THF), acetone, dimethylformamide (DMF) and dimethylsulphoxide (DMSO). The one-photon absorption (1PA) and emission spectra of the chromophore in different solvents are shown in Fig. 2 . It could be known that the shapes of the absorption spectra of the compound were very similar and displayed intense absorption bands located at 380-420 nm. Meanwhile, it was found that the 1PA spectrum was relatively insensitive to the changes in the polarity of the environment, with only a small shift of 25 nm (or 0.22 eV) in different solvents. By contrast, the maximum emission wavelength was redshifted by 116 nm (or 0.45 eV) from 510 nm in toluene to 626 nm in DMSO. The large bathochromic shift of the emission band with increasing solvent polarity indicated better stabilization of the excited state in highly polar solvents. Such a behavior was the characteristic of enlarged dipole moment and charge transfer character in the excited state [34, 35] . Notably, the chromophore in DMSO exhibited a very large Stokes shift of 237 nm, which represented one of the largest values among fluorescent materials [14-16]. It indicated that significant charge redistribution occurred upon excitation and the emission originated from a strongly dipolar emissive state. Furthermore, the fluorescence spectrum of the chromophore in DMSO extended to 850 nm, which meant that molecular fluorescence was within the NIR window I (as highlighted in shadow color in Fig. 2) . Upon increasing the solvent polarity, the absolute uorescence QYs increased from toluene (<0.1%) to DMSO (30%) due to reduced nonradiative recombination. This behavior was completely different to previous reports in which the QYs decreased with the increase of solvents' polarity [12,13]. We also measured the uorescence lifetime of the dye in different solvents. The emission decay curves of the studied dye in differently polar solvents under the excitation of 360 nm is shown in Fig. 3 . The lifetime of toluene solution could not be determined due to its very weak fluorescence. The values of decay time for CHCl 3 and acetone solutions can be well fitted with a single-exponential function while a double-exponential function was used to well fit the decay curve for the DMSO, giving average uorescence lifetime values of 1.4, 1.7 and 1.8 ns for CHCl 3 , acetone and DMSO solutions, respectively. Obviously, the obtained results indicated that the calculated lifetime values correlated with the uorescence QYs for the chromophore in the different solvents.
In order to know the ICT process more clearly, molecular orbitals of the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) for the ground state of the studied dye in the gas phase have been visualized in Fig. 4 . The color dots represented electron cloud. The shapes of the two frontier orbitals for the chromophore confirmed that the HOMO was concentrated at pyridine group while the LUMO electron density was located mainly on the styrene center and nitro-group of the chromophore, a typical feature of the ICT state. The computed results confirmed that different density polarizations took place for the studied compound, indeed resulting in an excited state that was more polar than the ground state and hence was better stabilized by polar solvents [34, 35] . 
Solvent dependent 2-and 3PA properties
Subsequently, 2PA properties of these molecules were investigated. Upon excitation with femtosecond pulses at 800 nm, the chromophore emitted orange to red fluorescence from CHCl 3 to DMSO solutions. Since linear absorption beyond 600 nm were absent for studied chromophore, thus observed fluorescence was plausibly attributed to 2PA. Such a mechanism was further confirmed through the measurements of power dependent fluorescence intensity. Figure 5 (a) depicts the logarithmic plots of the two-photon excited uorescence integral versus pumped power with a slope of around 2, suggesting a 2PA mechanism [36] . Subsequently, by using the method of Z-scan measurements, the 2PA spectra of the chromophore was obtained (Fig. 5(b) ). The δ 2PA of the chromophore in toluene could not be determined with Z-scan technique due to negligible solubility. Furthermore, MPA of the chromophore in toluene also could not be measured using fluorescence comparison method, due to its weak multiphoton excited fluorescence. The chromophore exhibited effcient 2PA behavior in a relatively broad range of wavelengths between 740 and 840 nm (Fig. 5(b) ), well corresponding to the double energy of linear absorption peak. The maximum δ 2PA which centered at around 800 nm was 563 GM in CHCl 3 , 974 GM in acetone and 1991 GM in DMSO, respectively. These values were even larger than those of pyrrolo [3,2-b] pyrroles in lowly polar solvents [37] . It was particularly interesting because of the importance in practical applications. Two-photon excitation fluorescence microscopy usually makes use of a Ti:sapphire oscillator, which has a central wavelength of around 800 nm. Meanwhile, the enhancement of δ 2PA with the incremental solvent polarity was observed, due to the increased charge separation assisted by highly polar solvent and the resulted change in electronic structure that provided the main perturbation on δ 2PA . Most of the reports on MPA fluorescent probes focused only on either the enhancement of the fluorescence QY (Φ) or the MPA cross-section [38] . However, one must maximize the product of Φ and MPA cross-section to guarantee a sensitive response in bioimaging [39] . The 2PA action cross-section of the styrylpyridinium salt in CHCl 3 , acetone and DMSO was calculated to be 46, 166 and 597 GM, respectively. The value in DMSO was among the largest 2PA action cross-sections of organic molecules in highly polar solvents [40, 41] . In addition to 2PA, 3PA is an even more intriguing and attractive photophysical phenomenon, due to the maximum penetration depth, the minimum confined volume and scattering, and the highest damage threshold, etc [42] . Upon irradiation with 1050 nm pulses, the chromophore exhibited nearly identical emission spectrum to those observed under oneand two-photon excitation conditions. To verify the 3PA mechanism, the integrated uorescence intensities were plotted vs laser beam intensity, as shown in Fig. 6(a) . The slopes of the log−log dependence of the uorescence intensity upon irradiation intensity in different solvents were found to be about 3, the value expected for a 3PA mechanism [43] . Next, in order to take advantage of the 3PA properties, we assessed the overall 3PA spectra around 1000 to 1500 nm using the Z-scan technique (Fig. 6(b) ). For all solutions, the 3PA maximum values were observed at around three times the wavelengths of linear absorption peak of the chromophore. The maximum values of molecular 3PA cross-section (δ 3PA ) for the chromophore in CHCl 3 ·photon −2 , respectively. Those values were significantly higher compared to many organic molecules [43] [44] [45] . Again, the high solvent polarity was beneficial for the enhancement of 3PA. Compared to those of our previous stilbene chromorphore, the MPA properties of the styrylpyridinium salt can be greatly improved due to its larger conjugation length [28] . To investigate whether or not there was aggregation of ground and/or excited states at the concentrations used to measure MPA, concentration-dependent (in the range between 1 × 10 −6 to 1 × 10 −3 M) linear absorption measurements were performed. It was found that the observed absorbance was linearly dependent on the concentration of the measured samples, thus indicating that no aggregation of the chromophore took place. Therefore, there was negligible influence of aggregation on the photophysical properties and the measured MPA (see Table 1 ). The maximum 3PA action cross-section value.
For bioimaging application, molecules with large MPA cross-section value per molecular weight (MW) are needed. The maximum values of δ 2PA /MW and δ 3PA /MW in DMSO were calculated to be 5 and 0.15, respectively. The values were in the same order of magnitude compared to the values of recently reported ruthenium alkynyl-containing dendrimers, which exhibited record MPA cross-sections [46] . Therefore, our chromophore was potentially useful for multiphoton bioimaging. It was noteworthy that in DMSO the molecular 3PA crosssections or action cross-sections at 1050 nm for the chromophore were still very large, indicating that the chromophore was compatible with the 1050 nm fiber laser source and was promising in the application of 3PA bioimaging. Additionally, the chromophore displayed very good solubility (up to 10 mg/ml) in DMSO, it allowed us to investigate MPA based bioimaging and OL properties.
Two-photon cell imaging
It has been well known that DMSO is biocompatible and is nearly nontoxic to live cells. Therefore, the large MPA action cross-section of the chromophore in DMSO made it an attractive candidate as a two-photon imaging agent [47] . The cytotoxicity and photostability of the chromophore were also characterized and were suitable for bioimaging application (data not shown here). From the abovementioned experimental results, it was known that that the chromophore possessed strong 2-and 3PA action cross-section at 800 and 1050 nm. Nonetheless, three-photon excited fluorescence was observable at relatively high excitation power. Therefore, two-photon cell imaging experiment was carried out instead of threephoton bioimaging to demonstrate the application of multiphoton bioimaging. As seen in Fig.  7(b) , two-photon fluorescence imaging of the labeled HeLa cells (λ ex = 800 nm) featured bright uorescence from the chromophore presented in the cell. A comparison of the imaging in Figs. 7(a) , (b) and (c) indicated that stilbene chromophore probe could penetrate the cell membrane and could be used for bioimaging. These results highlighted the potential application of styrylpyridinium salt for multiphoton uorescence microscopy. 
2-and 3PA based OL
Due to the large MPA for the styrylpyridinium salt and good solubility in DMSO, the OL behaviors of the chromophore were investigated. Two excitation wavelengths at 800 and 1150 nm were chosen in view of 2-and 3PA mechanism at these wavelengths. In the measurements, the laser beam was focused by an f = 10 cm lens into the center of a 1 cm quartz cell filled with DMSO solution of the chromophore (0.01 M). The measured output/input relationships for the chromophore are shown in Fig. 8 . It was found that at the wavelength 800 nm (corresponding to 2PA) the output/input characteristic curve started to deviate from linear transmission at optical intensity level of around 3.71 GW/cm 2 . More specifically, when the input energy increased from 0.02 to 100 GW/cm 2 (5000 fold increase), the transmitted energy only changed from 0.02 to 8.67 GW/cm 2 (434 fold increase). This was a typical OL behavior based on the 2PA. Similar behavior was also seen in the case of 3PA (at the wavelength of 1150 nm). When the input energy increased by 5000 times, the transmitted energy only exhibited 2375 fold increase. From the experimental results we found that 2-and 3PA offered excellent OL performance due to its square and cubic dependence on the incident intensity, implying that besides OL, optical stabilization may also be achieved using MPA materials. Theoretically, the 2PA-induced decrease of transmissivity can be expressed as 
Conclusion
One pyridinium salt has been prepared, and its linear and nonlinear optical properties have been investigated. It has been found that solvent polarity has little effect on the UV−vis absorption spectra of the chromophore, while its emission spectra show systematic bathochromic shift with an increase in solvent polarity. Its emission peaks spread over a wide range of wavelengths (510−626 nm). This effect is accompanied by a giant Stokes shift (237 nm) in a highly polar solvent (DMSO) due to ICT. More importantly, the chromophore shows a high QY and efficient MPA in DMSO. In this solution, the maximum 2PA cross-section of the chromophore is 1991 GM in the NIR window I while in NIR window II the maximum 3PA cross-section with a value of 59 × 10 −80 cm 6 ⋅s 2 ⋅photon −2 has been obtained. The effective MPA cross-sections in DMSO combined with a high fluorescence QY and a large Stokes shift make the compound an excellent candidate for various nonlinear absorption applications.
